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Introduction 
When estimating climate change impacts, there are many sources of uncertainty which must be 
considered (Covey et al. 2003; Figure 1). Two major sources of uncertainty are related to Global 
Climate Model structure and parameterisation scheme and are likely to be reduced by further 
research. In addition, major uncertainties result from the emission rates of greenhouse gases, 
determined by society through policies and behaviour. When using Regional Climate Model 
(RCM) data the sources of uncertainty increase, as outputs are influenced by RCM resolution, 
numerical scheme, physical parameterizations and the forcing boundary conditions (Déqué et al. 
2007). In addition, the downscaling method used to transfer the projections from the coarse 
resolution provided by climate models to the local scale needed for impacts, as well as the initial 
condition uncertainties from any stochastic downscaling scheme, provide an additional source of 
uncertainty that can be large (Fowler et al. 2007). For hydrological applications, the uncertainties 
increase as the structure and parameterisation scheme of the hydrologic model also have an 
impact on the outputs.  
Hydrological 
Model
Weather 
Generation
Climate 
model
Emissions 
Scenario
Predictions of 
population growth
Predictions of 
emissions
Predictions of global 
economic dynamics
Model parameter 
uncertainty
Model structural 
uncertainty
Analytical solution errors
Implementation errors
Perceptual model errors
Model parameter 
uncertainty
Model structural 
uncertainty
Analytical solution errors
Implementation errors
Perceptual model errors
Realisations of stochastic 
processes
Model parameter 
uncertainty
Model structural 
uncertainty
Analytical solution errors
Implementation errors
Perceptual model errors
Increasing uncertainty in results
 
Figure 1 Sources of uncertainty in studies considering hydrological impacts from predicted climatic change  
 
This paper demonstrates the first step in a study to assess the ‘uncertainty cascade’ (Wilby and 
Harris 2006) resulting from different sources of uncertainty in climate scenario construction. 
Here, we quantify the uncertainties jointly resulting from the “initial conditions” or “stochastic 
uncertainty” from one downscaling method, the EARWIG (Environment Agency Rainfall and 
Weather Impacts Generator) weather generator, under the UK Climate Impacts Programme 2002 
(UKCIP02) medium-high (SRES A2) emissions scenario; and the “hydrological model 
parameter uncertainty”  resulting from multiple parameterisations of a distributed hydrological 
model, CAS-Hydro. This pair of models has been applied to the Upper River Rye catchment in 
North Yorkshire, UK. A suite of model parameter sets and stochastic weather time series have 
been used to project likely changes to the hydrological functioning of the study catchment under 
climate change. Results are presented on the statistical sensitivity of the projected impacts to 
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these sources of uncertainty. The next stage of the project will assess the uncertainties resulting 
from the use of different climate model structures and parameterisations as well as emissions 
scenarios. 
Methods 
The approach taken in this work is to consider the combined impact of one downscaling method, 
a stochastic weather generator and multiple hydrological model parameter sets on the uncertainty 
associated with the hydrological functioning of a catchment under climate change, defined by the 
UKCIP02 medium-high emissions scenario. The analysis considers four different time periods: a 
baseline period, 1961–1990 (hereafter called the baseline); and three scenario time-slices: 2011–
2040 (the 2020s), 2041–2070 (the 2050s) and 2071–2100 (the 2080s). The use of the three future 
time slices enables consideration of the results on both scientific (2080s) and shorter-term 
management (2020s) time scales. To capture the uncertainty associated with the stochastic 
weather generator, 30 realisations of 30-year daily rainfall and temperature time series were 
generated for each of the baseline and future time slices. Additionally, 10 different parameter 
sets were used to allow the assessment of hydrological model parameter uncertainty. Hence, for 
each time slice, three hundred 30-year daily hydrological simulations were performed. 
Descriptions of the stochastic weather generator, hydrological model, the case study catchment 
and the analysis methods are presented in the following sections.  
Stochastic Weather Generator - EARWIG 
The stochastic weather generator (WG) utilised in this research is EARWIG 2.1 (Environment 
Agency Rainfall and Weather Impacts Generator). This advanced WG incorporates a stochastic 
rainfall model based on the Neyman-Scott Rectangular Pulses (NSRP) model (Cowpertwait, 
1991) and a WG model based on regression relationships between daily weather variables and 
daily rainfall (and their autocorrelative properties, see Kilsby et al., 2007 for details). The model 
is able to generate synthetic daily climate data for any 5 km grid cell or small catchment in the 
UK, for current climate (1961-1990) and future climate scenarios. In the Kilsby et al. (2007) 
approach, daily outputs from the HadRM3H Regional Climate Model are used to derive factors 
of change (CFs) from the current climate state based on the UKCIP02 climate change scenarios 
(Hulme et al., 2002). Within the NSRP part of the WG, five multiplicative CFs are used to 
change future rainfall: (1) statistics of mean daily rainfall, (2) proportion dry days, (3) variance 
of daily rainfall, (4) skewness of daily rainfall, and (5) lag-1 autocorrelation. Within the WG 
part, additive/multiplicative factors are derived for change in temperature mean/variance; other 
weather variables are dependent on rainfall and temperature and these relationships are assumed 
to remain constant under climate change. The CFs are based on the outputs from HadRM3H and 
vary at a spatial resolution of 50 km across the UK. More information on the methodology used 
to derive CFs can be found in Kilsby et al. (2007). Here, we use the same methodology as Kilsby 
et al. (2007) to produce thirty 30-year synthetic daily weather sequences for each time slice and 
for the baseline scenario, 1961-1990, for the Upper Rye catchment. The 30-year sequences were 
chosen to reflect the length of the RCM control and future integrations. For the baseline, the 
simulation is based on observed climate statistics. 
Hydrological Model 
The catchment hydrological simulations undertaken in this research are performed using the 
CAS-Hydro version 1.2 model. CAS-Hydro is a fully distributed, physically based hydrological 
simulation model; full details can be found in Conlan et al. (2006). The model represents the 
landscape using a grid structure and a river channel network model. At each landscape point on 
the grid, the hydrological processes of interception, infiltration, evapotranspiration, through flow 
and recharge to groundwater are calculated. Infiltration is modelled with the simplified Green 
and Ampt (1911) model of Kirkby (1975) which relates the infiltration rate to the soil moisture, 
and through flow is determined using Darcy’s Law. Evapotranspiration is calculated using the 
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Priestley-Taylor (Priesley and Taylor 1972) method. Flows are routed across the landscape using 
the FD8 multiple flow routing algorithm (Quinn et al. 1991). The water is routed through the 
river channel network using the Muskingum-Cunge algorithm (Ponce and Lugo 2001). 
Climate change has the potential both to alter the water balance at any point and the hydrological 
flow pathways across the landscape. The CAS-Hydro model is well suited to the investigation of 
the potential impacts of climate change due to the model’s physical basis, spatial grid structure 
and the detailed routing of hydrological fluxes across the grid. The physical basis of the model 
enables the hydrological processes to realistically respond to changes in weather. The detailed 
flow routing using multiple flow paths enable the connectivity patterns to be fully expressed 
since flow is not restricted to one or two directions. 
Case Study Catchment 
The model has been applied to the Upper Rye catchment in North Yorkshire, UK. The catchment 
is covered with grassland and moorland with a small area of woodland and covers 13.1 km2, 
Figure 2a. The DEM used was at a resolution of 20 metres and was derived from the NEXTMap 
DEM for the United Kingdom. For the application described in this paper, the land cover in the 
model was held constant. The model was run with an estimation of uncertainty using a GLUE 
based method (Beven and Freer 2001) sampling of 3,000 parameter sets for the dominant 
parameters. The parameter sets that resulted in the 0.3% best simulations according to the Nash-
Sutcliffe Efficiency were then selected and assessed.  
 
 
Figure 2 a) Digital Elevation Model of the Upper Rye Catchment. UK outline is Crown Copyright Ordnance Survey. 
An EDINA Digimap/JISC supplied service; b) Measured and modelled discharge for the Upper Rye catchment, 
North Yorkshire, UK. The chart shows the mean and +/- one standard deviation of the behavioural hydrological 
simulations.  
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Figure 2b shows that the model reproduces the measured discharge hydrograph well and for the 
majority of the time, the measured value is bracketed by the uncertainty estimation of the model 
(+/- one standard deviation). The associated Nash-Sutcliffe coefficient is 0.7. The model was 
also tested on an adjacent catchment for a different hydrological year and achieved a Nash-
Sutcliffe coefficient of 0.71 for the daily discharge record.  
From the results of the GLUE analysis of the hydrological model, the 10 parameter sets that 
result in the best model performance were selected. These parameter sets were then used in the 
hydrological simulations for the different time slices together with the stochastically generated 
rainfall time series.  
Hydrological Analysis  
To give a consistent picture of the projected impacts of climate change on the hydrological 
dynamics of the catchment, flow duration curves have been calculated and the mean, standard 
deviation, minimum and maximum for a selected number of ‘often used’ percentiles extracted. 
These give information on the amount of time that the flow in the river channel exceeds a given 
discharge and can be used to investigate possible changes in the flow behaviour of the river, 
including insights into both high and low flow dynamics.  
To determine the possible range of changes in flows, probability density functions (pdfs) have 
been calculated. The pdfs have been developed by assessing each possible combination of the 
change in flows from the 300 baseline and time slice results available and calculating the 
percentage change. This approach gives both a range of changes and a probability of the 
magnitude of that change. Change pdfs have been calculated for the separate sources of 
uncertainty and the combined uncertainty for selected points on the flow duration curve. For the 
single uncertainty sources, the same hydrological model parameterisation was compared with all 
of the EARWIG versions to show the effect of the stochastic downscaling step on uncertainty in 
projected impacts. Similarly, the same EARWIG realisation was compared using all hydrological 
model parameterisations to show the effect of the hydrological model parameter uncertainty on 
projected impacts.  This approach therefore gives multiple pdfs for the single source uncertainty 
estimations.  
A statistical approach has been used to determine if the uncertainty associated with the stochastic 
weather generator realisations of rainfall / temperature and multiple model parameter sets masks 
the climate change signal. This analysis considers each of the percentiles on the flow duration 
curve. Since the percentiles are normally distributed, the approach uses Student’s t-test to 
compare the differences between the baseline results and the three future time slices. For the 
analysis of the uncertainty resulting from the EARWIG versions, the model parameter set was 
held constant; hence giving 30 simulations for analysis. For the hydrological model parameter 
set uncertainty analysis, the EARWIG weather time series was held constant; hence giving 10 
simulations for analysis. For the combined analysis, all 300 simulations were used. 
Results 
The results from the set of the simulations described above are multi-dimensional and within this 
short paper only three information views can be presented. The first looks at the uncertainties 
associated with the flow duration curve from Q01 to Q99. This view is presented for the 
combined projected uncertainty in impacts. The second view presented is the pdfs for changes in 
the Q05 (high), Q50 (median) and Q95 (low) flows. This is broken down into the separate 
sources of uncertainty and then shown as combined uncertainty. The third view considers which 
parts of the flow duration curve are statistically different from the baseline for the future time 
slices for the separate and combined uncertainties and for two different seasons (summer and 
winter flows).  
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Flow Duration Curves with Combined Uncertainty 
Figure 3 shows flow duration curves for the Upper River Rye which depict the combined 
uncertainty resulting from the stochastic weather generation and hydrological model parameter 
sets. The results have been broken down into annual, winter (December, January and February) 
and summer (June, July and August). The summary statistics are shown in Table 1. 
 
Annual Summer Winter 
 
Figure 3: Flow duration curves for the Upper River Rye catchment under projected climate change for the UKCIP02 
medium-high emissions scenario. This set of curves depicts the combined uncertainty resulting from the stochastic 
weather generation and hydrological model parameter sets. Legend: Black: baseline; Green: 2020s; Yellow: 2050s; 
Red 2080s. 
 
Statistic Years Q01 Q05 Q10 Q25 Q50 Q75 Q90 Q95 Q99 
baseline 3.54 2.95 2.66 2.48 2.35 2.24 2.16 2.09 2.02
2020s 93.5% 93.7% 93.9% 94.0% 94.2% 94.2% 94.3% 94.3% 94.3%
2050s 88.8% 89.3% 89.7% 90.0% 90.2% 90.3% 90.3% 90.3% 90.3%
Mean 
2080s 86.4% 86.7% 86.8% 86.7% 86.6% 86.5% 86.4% 86.2% 86.0%
baseline 0.38 0.23 0.17 0.14 0.12 0.11 0.10 0.10 0.09
2020s 95.2% 97.8% 102.1% 105.5% 108.5% 110.8% 112.3% 113.5% 114.9%
2050s 83.1% 83.5% 86.7% 88.6% 89.6% 90.3% 91.3% 91.8% 92.7%
Standard 
deviation 
2080s 77.2% 81.5% 88.5% 93.0% 96.6% 98.8% 100.8% 101.5% 101.5%
baseline 2.41 2.24 2.15 2.08 2.02 1.96 1.90 1.85 1.81
2020s 99.2% 94.1% 93.0% 92.1% 91.7% 92.3% 92.7% 93.0% 93.0%
2050s 94.4% 94.6% 93.5% 91.4% 90.2% 89.7% 89.4% 88.9% 88.3%
Minimum 
2080s 88.6% 88.2% 87.5% 86.1% 85.4% 85.0% 84.3% 83.5% 83.2%
baseline 4.47 3.58 3.14 2.89 2.73 2.60 2.48 2.39 2.31
2020s 93.8% 94.0% 96.0% 98.4% 99.0% 99.8% 100.3% 100.5% 100.6%
2050s 83.8% 85.4% 87.2% 88.0% 88.0% 88.2% 88.6% 88.8% 89.0%
Maximum 
2080s 81.0% 83.4% 85.8% 86.9% 86.8% 87.0% 87.3% 87.1% 86.5%
Table 1 Annual flow percentiles for the Upper River Rye catchment under projected climate change for the 
UKCIP02 medium-high emissions scenario. These statistics are for the combined uncertainty resulting from the 
stochastic weather generation and hydrological model parameter sets. Discharge values are in m3 s-1. 
 
The results show an overall trend for decreasing flows across the whole flow duration curve. 
Decreases to 86% of the baseline flows are projected by the 2080s across the full flow duration 
curve. The variability of the flow, as shown by difference in the the standard deviation, shows far 
greater change. Changes to high flows (Q01 and Q05) show a decrease to 77.2% of the baseline 
value, indicating more consistent high flow behaviour. The variability of the projected low flows 
(Q99 and Q95) remains similar to the baseline at 101.5%. There is a large amount of overlap 
between the different time slices, with some baseline results being within the range of the 2020s 
results for example. However, these results are statistically separable for some seasons. There is 
a stronger climate change signal during the summer than during the winter period.  During the 
summer months, distinct bands of flow duration curves are projected for the different time slices, 
with an overall tendency towards reductions in flows throughout the flow distribution. In the 
winter the combination of hydrological model uncertainty and stochastic weather generator 
uncertainty is sufficient to mask any climate change signal. 
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Probability Density Functions of Change 
Figure 4 shows the probability density functions (pdfs) of change for Q05, Q50 and Q95 flows 
considering separate and combined uncertainty sources. The combined uncertainty pdfs show the 
changes for all three future time slices. However, the separate uncertainty sources have been 
calculated only for the baseline compared with the 2080s flows.  
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Figure 4 Probability density functions of change for Q05, Q50 and Q95 considering separate uncertainty sources for 
the baseline compared with the 2080s and combined uncertainties for all time slices.  
 
The combined uncertainties are large, with a wide range of projected changes. However, the 
majority of the pdfs suggest decreases in flow with the median flow decrease centred at ~50%. 
Despite this a large positive tail suggests that increases in flows are possible. For example, for 
the Q50 flow in the 2020s, 16% of the pdf suggests an increase; this amount decreases to 11% by 
the 2080s. The assessment of the EARWIG and hydrological model parameterisation 
uncertainties is based on the comparison of flows for the baseline with the 2080s. Uncertainties 
from EARWIG are larger; the pdf shows a much wider range of projected changes than those 
projected for the multiple hydrological model parameterisations. However, the multiple pdfs for 
each set of results show similar projected range and magnitude of change in flow. It is clear that 
the projected increases in flow arise from the inclusion of the multiple EARWIG weather time 
series in the analysis. This is to be expected since slight variations in the stochastically generated 
rainfall totals lead to differences in the flow projections. The EARWIG uncertainty based 
projections show a greater median decrease in flows than those projected by the hydrological 
model parameter uncertainty.  
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Statistical Differences of Time Slices 
To test the impact of the uncertainties associated with the stochastic weather generation and 
hydrological model parameter sets on the strength of the climate change signal, each whole 
number flow percentile from Q01 to Q99 for each time slice were compared with those for the 
baseline period. Since the distribution of flows at each flow percentile was found to be normally 
distributed, the parametric Student’s t-test was selected to examine whether the two populations 
were significantly different at the 95%, 99% and 99.9% significance levels. Figure 5 shows the 
results of the statistical analysis for annual flow percentiles for (i) the stochastic weather 
generation only, (ii) the hydrological model parameter sets, and (iii) the combination of the two. 
The test was also performed to assess the differences in the two populations for the combined 
uncertainty for summer and winter flows.  
The results displayed in Figure 5 show that the impacts of projected climatic change will vary 
across the flow duration curve. Figure 5a shows the statistical differences between the flow 
duration curves for the time slices and the baseline considering the uncertainty resulting from the 
stochastic weather generation only. Flow dynamics in the 2020s are not significantly different 
from the baseline at the 95% confidence interval across the whole flow duration curve. By the 
2050s, however, the flow regime is significantly different from the baseline at the 95% level for 
the majority of the flow percentiles and is significantly different at the 99% level from Q25 to 
Q94.  The strength of the climatic change signal increases by the 2080s, with projected flows 
being significantly different at the 99.9% level for almost the whole flow duration curve, from 
Q14 to Q97. Therefore, the climate change signal is clearly detectable above the noise from the 
uncertainty generated by the stochastic weather realisations by the 2050s. 
Figure 5b shows the statistical differences between the flow duration curves for the time slices 
and the baseline considering the uncertainty resulting from the different hydrological model 
parameter sets. As for the stochastic weather generator, the hydrological regime projected for the 
2020s is not significantly different from the baseline at the 95% level. By the 2050s, however, 
simulations suggest that flows will be significantly different at the 95% level between Q2 and 
Q78; flows between Q35 and Q50 will be significantly different at the 99% level. By the 2080s, 
the simulations suggest that flows will be significantly different at high confidence levels across 
a wider range of flows. However, the significance level decreases for high flows between Q1 and 
Q18. This may reflect a change in the climate in the 2080s or be an artefact of the number of 
simulations used to calculate the statistical results. The flow regime is predicted to be 
significantly different at the 95% level between Q8 and Q91 and at the 99.9% level between Q30 
and Q52.   
Figure 5c shows the change in statistical differences between the flow duration curves for the 
time slices and the baseline considering both sources of uncertainty. As with Figures 5a and 5b, 
this suggests that the 2020s climate will not be significantly different from the baseline climate at 
the 95% confidence level. By the 2050s, simulated flows are significantly different at the 95% 
level between Q19 and Q75. The signal of change is stronger by the 2080s with significant 
differences at the 95% level between Q6 and Q98. The 2080s flows are also significantly 
different at the 99.9% level between Q22 and Q75.  
The results show a clear trend to statistically significant changes in the flow duration curves by 
the 2050s, with the strength of the changes varying across the flow duration curves. However, as 
shown in Figure 5, there are large seasonal differences in the flow duration curves between 
summer and winter. The statistical analysis has been repeated for the combined uncertainty but 
only considering summer (Figure 5d) and winter (Figure 5e) flows.  The summer flows show a 
strong climate change signal, with the majority of the flows from the 2050s and 2080s being 
significantly different from the baseline. However, for all time slices, winter flows are not 
significantly different from the baseline climate at the 95% confidence level. This shows that 
there are large uncertainties surrounding impacts upon winter flows in the Upper Rye River and 
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that the main signal of the projected climatic change impacts will be expressed in changes to 
summer flows. 
 
Figure 5 Statistical differences of selected percentiles of the flow duration curve between the baseline and the future 
time slices.   
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Discussion and Conclusions 
The results presented in this paper show that the projections of climate change impacts on the 
flow duration curve are most prominent in the summer low flows. Decreases in summer low 
flow has the potential to be ecologically damaging since they have the capability to alter the 
water temperature regime, pollutant concentrations and migratory pathways. This projected 
concentration of changes in the summer months is likely a result of the combined effects of 
decreased summer rainfall and increases in evapotranspiration driven by higher air temperatures. 
However, on drawback is that the current version of the CAS-Hydro model (version 1.2) defines 
only a weak feedback between vegetation growth and the evapotranspiration rate. One future 
development will be to couple a dynamic vegetation selection and survival model to the 
hydrological model to investigate this feedback in more detail. 
  
The results do not show any statistically significant changes in the winter high flows at the 95% 
confidence level, even by the 2080s. The analysis in this paper takes into account the flows that 
occur for at least 1% of the year, 3.65 days, and hence does not consider the possible changes in 
flooding that may occur on timescales shorter than this. Since the model results are continuous 
15 minute flows for 30 years, it is possible to undertake this analysis in the future to assess 
projected changes in flooding occurrence. The results project statistically significant (at the 95% 
level) changes to the main part of the flow duration curve by the 2050s. These flows, between 
Q19 and Q75, are significant for water resources since they represent the ‘normal’ discharge of 
the river and hence deliver the majority of the freshwater supply. The flow duration curve 
percentiles projected to be affected increases by the 2080s and the confidence level also 
increases.  
 
From the results shown in Figure 6, it is clear that the uncertainty arising from the stochastic 
weather generator contributes the largest part to the combined uncertainties. The projected 
uncertainty from the hydrological model parameterisation is contained within the uncertainty 
range from the stochastic weather generator. Although the range of projections from the 
hydrological model is narrower than for the weather generator, they still cover a large range; 
from 50% to 100% of the baseline flows. However, the uncertainty sources examined in this 
paper consider the model parameter based uncertainty only and do not examine the model 
structural uncertainty or the inherent accuracy and precision of the model. If these sources of 
error were included in the analysis, the uncertainty in the projected flows might increase. 
 
The analysis presented in this paper only considers one general circulation model, one regional 
climate model and one emissions scenario. Therefore, it is only able to give one small snapshot 
of a potential future climate and hydrological functioning of the River Rye. Further work will 
include a range of driving GCMs to examine a wider set of uncertainties and thus hydrological 
behaviours. This work will include the assessment of changes to flooding and drought 
occurrence in addition to the flow duration curve approach applied in this paper.  
 
It is clear that the projected change to hydrological functioning from the combined EARWIG 
and CAS-Hydro models is uncertain. However, there is a clear signal within this uncertainty 
range; lower flows are projected within the study catchment during the summer, with resultant 
increases in ecologically damaging low flows. The results show that certain parts of the flow 
duration curve are statistically significantly different at the 95% level by the 2050s compared to 
the baseline flows. The uncertainty within the results is not a reason for inaction on climate 
change. Instead these results suggest that through the careful quantification of the uncertainties 
resulting from different sources it will be possible to produce meaningful projections that will 
enable society to plan, mitigate and adapt to projected future climate change.  
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